Introduction {#Sec1}
============

Why detect viruses? {#Sec2}
-------------------

Viruses are ubiquitous in human environments. They cause diseases in humans and in animals. They can contaminate supplies of water, food, and products intended to be sterile, for example biopharmaceuticals. Several viruses have changed the course of civilizations, including smallpox, yellow fever, polio, and most recently, HIV \[[@CR6]\]. According to the Disease Control Priorities Project, three viruses---HIV, measles, and rotavirus--- are among the top 10 leading contributors to the global burden of disease \[[@CR7]\]. Two of the six CDC category A bioterror pathogens are viruses. Effective detection of viruses thus plays a critical role in medicine and public health, in bioindustry, and in biodefense.

All viruses share certain characteristics. Lacking most of the biological machinery to replicate, viruses are obligate intracellular entities. Each virus species consist of a unique set of genetic material, coding for as few as two (hepatitis D virus) or as many as 900 proteins (mimivirus) \[[@CR8]\]. Structural viral proteins typically form a "capsid" shell that surrounds the nucleic acids and other proteins and gives the virus its shape. Capsids may or may not be further covered by a double-layer membrane, or envelope, derived from the host cell; the membrane may itself incorporate host proteins. Complete viral particles range in physical size from as small as 20 nm to as large as 400 nm in diameter.

History of viral detection {#Sec3}
--------------------------

Although viral illnesses, especially smallpox and yellow fever, have been known since antiquity, the nature of viral illness remained mysterious until the late 19th century. In 1876, Alfred Mayer, a German agronomist, transmitted tobacco mosaic virus from one plant to another, fulfilling the Henle--Koch postulates for infectious agents \[[@CR9]\]. In the 1880s, Louis Pasteur extracted rabies virus from the spinal cords of rabid dogs, and developed the rabies vaccine. The first detection of viruses may have been by the Scot John Buist in 1886, who stained scrapings of smallpox lesions and saw "elementary bodies" under the light microscope, which he mistook for bacteria; at a diameter of ∼200 nanometers (nm), the largest smallpox viruses are at the limits of detection of light microscopy. Over the next 40 years, studies of the passage of "filterable agents"---small enough to squeeze through sub-micron porous filters---confirmed the infectious nature of these so-called "viruses" and established their role in diseases ranging from polio and yellow fever in humans to foot-and-mouth disease in cattle to tobacco mosaic disease in plants.

By the 1930s, physical chemistry studies of tobacco mosaic virus revealed that viruses contained protein and nucleic acid. Tobacco mosaic virus particles could be identified by sedimentation and x-ray crystallography, and were revealed to be elongated, 15 × 280 nm rods \[[@CR10]\]. The first definitive visualization of individual viruses was by the German physician Helmut Ruska in 1940---fortuitously, his brother had invented the electron microscope \[[@CR11], [@CR12]\]. In the more than 60 years since then, viral detection has progressed rapidly; more than 1,500 human and animal viruses have now been identified.

Challenges to viral detection {#Sec4}
-----------------------------

Because of their small size, simple biology, and obligate intracellular life cycle, viruses present significant detection challenges. Since the 1940s, there have been three general approaches to detect viruses: analysis of the host organism's response to the virus, especially antibody serology;detection of a virus's molecular fingerprints, including viral proteins and viral nucleic acids; anddirect sensing of whole viral particles.

Continuous technical improvements in each method have improved their speed, detection limit, accuracy, and cost-effectiveness. In this paper, we will provide a brief review on how recent advances in micro and nanotechnology affect viral detection, focusing especially on simple, device-based approaches. The methods reviewed are summarized in Table [1](#Tab1){ref-type="table"}. Table 1Summary of the methods reviewed in the paperMethod summarySpecies detectedDetection limitSample volumeSteps to resultsAccuracyTimeRef.**Antibody serology** Colorimetric lateral diffusion immunochromatographyAntibody against HIVsub pmol L^−1^ rangeFingerprick blood0--1 step of centrifugation + sample loadingScreening test only3--30 min\[[@CR18]\] Amperometric sensing of enzyme-linked immunosorbent assayAntibody against west Nile IgG∼1 pmol L^−1^ (1:10^7^ antibody titer)20 μL\>10 steps of reagent loading and rinsingna∼2 h\[[@CR22]\] Piezoelectric (QCM) antibody detectionAntibody against African swine fever virus or M13 phageA few nmol L^−1^100--200 μLSample loading and rinsingna30 min\[[@CR23], [@CR24]\] Colorimetric lateral diffusion immunochromatographyInfluenza A and B antigen10^2^--10^4^ free particles mL^−1^100 μL--3 mL0--2 steps of protein extraction + sample loadingSen.^a^ ∼33--100%Spec.^b^ ∼ 95--100%15--30 min\[[@CR27], [@CR96]\]**Viral molecular markers---viral antigen** Sandwich assay on magnetic beads, detection by chemiluminescenceHCV Core proteinViral concentration equivalent to 100,000 RNA copies mL^−1^A few hundred microlitersAutomated analyzer (Abott Architect)Sen.^a^ \>97% Spec.^b^ \>99%200 assays per hour\[[@CR25]\] Sandwich assay on nanoarray and detection by AFMHIV-1 antigen p2425 fg p24 mL^−1^ (single fmol L^−1^)1 μL\>5 steps of sample purification and immuno-bindingna6 h\[[@CR28]\]**Viral molecular markers---nucleic acid** Sample preparation for PCR Microchips for viral particle separation and RNA extractionOrchid virus RNA2000 copies mL^−1^100--200 μLSingle sample loading to yield PCR template + off-chip PCR and detectionna2--3 h total\[[@CR1], [@CR34], [@CR37]\] Paramagnetic beads for viral particle enrichment and laser irradiation for viral lysisHBV DNA and yellow fever RNA1,000--10,000 pfu mL^−1^100 μL0--6 steps to yield viral genome + off-chip PCR and detectionna12--15 min genome extraction\[[@CR35], [@CR36]\] Paramagnetic particle for viral RNA enrichmentHCV RNA33 copies of RNA mL^−1^300 μL\>5 steps to yield viral RNA + off-chip PCR and detectionSen.^a^ 93%; Spec.^b^ 100%20 Min genome extraction\[[@CR38]\] Nano-probe array for viral capture and lysisVaccinia DNA9 × 10^9^ pfu mL^−1^100 μL1 step to yield viral genome + off-chip PCR and detectionna\<60 min viral capture and DNA extractionPCR chip PCR and capillary electrophoresis chip, fluorescence detection on chipSARS-coronavirus RNA∼100 copies cDNA mL^−1^A few microliters\>10 steps to prepare viral cDNASens.^a^ 94% Spec.^b^ na50--60 min on chip\[[@CR47]\]PCR product detection Lateral diffusion immunochromatography and fluorescence detectionPapillomavirus type 16 DNA15 pmol L^−1^ amplicon2 μL ampliconConventional PCR + 2--3 mixing steps after PCRPrescreening: Sen.^a^ 83% Spec^b^ 83% Confirmatory: Sen.^a^ 100% Spec^b^ 100%Screening: 30--60 min after PCR Confirmatory: 1--2 h after PCR\[[@CR60]\] Microarray for cDNA sandwich and detection by silver stain enhancementHEV RNA\>100 fmol L^−1^ amplicon (1 particle mL^−1^ before amplification)100 μLConventional PCR + \>10 steps after PCRna20--30 min after PCR\[[@CR51]\] Surface hybridization and electrochemical detection by stripping chronopotentiometryHBV RNA20 pmol L^−1^ amplicon300 μLConventional PCR + \>10 steps after PCRna40 min after PCR\[[@CR56]\] Surface hybridization and detection by fluorescence de-quenchingDengue virus RNA∼10 μmol L^−1^ ampliconA few μL ampliconConventional PCR + Single step of sample loading after PCRna1 h after PCR\[[@CR61]\] Hybridization on microbeads and detection using liposomes carrying fluorescent dyesDengue virus RNA50 pmol L^−1^ amplicon1 μLConventional PCR + 4 steps after PCRSen.^a^ 100% Spec.^b^ na20--25 min after PCR\[[@CR53], [@CR97]\] Surface hybridization and electrical detection by enzyme coupled redox reactionHSV, CMV EBV nucleic acid2 nmol L^−1^ amplicon10 μL per ampliconConventional PCR + \>10 steps after PCRna∼1 h after PCR\[[@CR55]\] Automated microchip for hybridization and sequencingInfluenza A375 fmol L^−1^ amplicon100 μL ampliconConventional PCR + single sample loadingComparable with manual hybridization, \>90% accuracy\<2 h after PCR\[[@CR62]\]Fully integrated lab on a chip devices Microchip for viral enrichment, lysis, amplification and detectionDengue virus serotype 2 and enterovirus 71, bacteria (*Bacillus anthracis* and *Bordetella pertussis*)100--10^6^ pfu mL^−1^1--25 μLSingle step of sample loadingna30 min--4 h\[[@CR64], [@CR65]\]**Combinatorial molecular assays** Fluorescent lateral diffusion for protein and amplicon simultaneous detectionAntibody against HIV, HIV antigen and RNAna300 μLSingle step of sample loadingnaNa\[[@CR67]\] Protein sandwich assay on microelectrodes for simultaneous and electrical detection of 5 HBV indices byHBV antibody and antigen1 ng mL^−1^ antibody or antigen0.25 mL min^−1^Single step of sample loading, continuous injection of reagents using a syringe pumpComparable with ELISA10 min\[[@CR66]\]**Whole particle viral detection**Optical detection methods Dynamic light scatteringVirus-like particles4.6 μg mL^−1^∼500 μL2--3 steps to purify virus + sample loadingna10 min\[[@CR71]\] Fluorescence microscopyDengue, Vaccinia5 pmol L^−1^∼5 μL\>10 steps to purify and label virusna∼2 h\[[@CR72], [@CR73]\] Flow cytometryBV, RSV, Influenza A, ADV10^5^--10^7^ virions mL^−1^∼100 μL0 (scattering) to over 10 steps (fluorescent labeling) to purify and label virusCorrelation coefficient up to 0.999 between known viral concentrations and the measured slope1--2 h\[[@CR74]--[@CR76], [@CR98]\] InterferometryHSV-1850 mL^−1^A few microlitersNaCorrelation coefficient ∼0.95 between known viral concentrations and the measured slope∼1 h\[[@CR4]\] Micro/nanoparticles as imaging agentsRSV, SGIV, MS2 bacteriophage10^5^--10^9^ mL^−1^\<100 μL1 to over 10 steps to purify and label virusSpec.^b^ up to 99% for model virus in buffer1--3 h\[[@CR77]--[@CR81]\] Surface plasmon resonanceWSSV2.5 ng mL^−1^100 μLSingle step of sample loadingna30 min\[[@CR82]\]Electro-mechanical detection methods Quartz-crystal microbalanceHSV1, TMV, orchid viruses10^3^--10^9^ mL^−1^1 μL--mLs0--5 steps to purify virusesna∼40 min\[[@CR83]--[@CR87]\] Atomic-force microscopyCPV, CB310^8^ mL^−1^1 μL\>5 steps to purify and immobilize virusesna30 min\[[@CR99]\] MicrocantileversVaccinia, BV10^5^--10^8^ mL^−1^A few microliters1--3 steps to purify and immobilize virusesna30--60 min\[[@CR88]--[@CR90]\]Electromagnetic detection methods Nanowire sensingInfluenza A, avian ADV and avian paramyxovirus10^8^ mL^−1^150 μL h^−1^0--3 steps to purify virusesnaMinutes to 1 h depending on viral concentration\[[@CR92]\]Conductometric sensingBVDV10^3^ CCID mL^−1^100 μLSingle step of viral loadingna10 min\[[@CR5]\] Resistive pulse methodRMuLV, SSV, M-PMV, FeLV, RD-114, PBCV-110^7^ mL^−1^\>10 μLSingle step sensing, purification requiredWithin 15%Minutes\[[@CR93], [@CR94]\] Magnetic relaxation detectionHSV, ADV10^3^ mL^−1^100 μLSingle step of mixingna∼30 min\[[@CR3]\]^a^Sensitivity (Sen.) refers the proportion of people with the disease who have a positive test result^b^Specificity (Spec.) refers to the proportion of people without the disease who have a negative test resultna, not available

Serology: virus detection by anti-viral antibody {#Sec5}
================================================

Given the challenge of detecting something as small as a virus, one successful strategy has been to look instead for changes an infectious virus induces in its host. Most viruses trigger mammalian immune systems to produce virus-specific antibodies, and antibody serology has become a straightforward and mature technology used primarily for diagnosing retrospective bacterial or viral infection. Because of a "window period" that encompasses the first few weeks after exposure (before the host immune response has generated virus-specific antibodies to viral antigens), serology is inaccurate for acute viral infections. Serology is also challenged to distinguish recent from remote infection, as, once generated, IgG antibodies, which are the easiest to detect, persist for life. This can be overcome to some extent by looking for the IgM subclass of antibodies, which appear early after a viral infection, and disappear over time.

Serologic tests for the presence of antibodies commonly use both surface-bound antibody--antigen binding reactions, including immunofluorescence assays (IFA), enzyme-linked immunoassays (EIA), and Western blotting \[[@CR13], [@CR14]\], and solution-phase reactions, such as hemagglutination inhibition (HI), complement fixation (CF), particle agglutination \[[@CR15]\], and plaque-reduction neutralization.

Solid-phase IFA and EIA are currently the most popular anti-viral antibody detection platforms. Both types of assay rely on creating a sandwich structure around the target antibody, bound specifically between a surface-immobilized capture antigen and a detection molecule (e.g., a secondary anti-Ig antibody, or protein A). In IFAs, the detection tag is a fluorescent dye, the surface accumulation of which is indicative of the target antibody presence and is observed under a fluorescence microscope, fluorimeter, or fluorescence scanner. IFAs involve two binding steps, are relatively simple to operate, but usually necessitate skilled laboratory workers and the availability of a fluorescence detector.

In contrast to IFAs, EIAs use an enzyme as the detection agent. After formation of the sandwich structure on a solid support and extensive rinsing of unbound enzymes, a chromogenic enzyme substrate is supplied. The reaction catalyzed by the enzyme results in a color change in solution or on a surface, indicative of the presence of target molecules, which are typically anti-viral antibodies \[[@CR16], [@CR17]\]. An EIA setup often employs a membrane strip or a 96-well microplate, and can have a detection limit down to the sub-picomolar range \[[@CR18]\].

In the last few decades, rapid lateral diffusion immunochromatographic assay platforms requiring only a single handling step have become popular for point-of-care uses, and have made disease diagnosis possible in remote settings. In these assays (Fig. [1](#Fig1){ref-type="fig"}), a membrane strip serves as the solid support that carries a surface-immobilized antigen line or spot for target capture. The strip is also impregnated on one end with a loosely bound detection molecule conjugated with dyes or nanoparticles (such as colloidal gold). As a fluid sample is placed on the sample pad, the detection molecule binds to the target antibody in the sample, and the complex is carried forward to the antigen line/spot by capillary force. Binding of the target antibody to the antigen on the capture line then leads to a visible color change. These assays are rapid (∼15 min) and easy to operate (single-step), require small amounts of blood or other biological samples (ca a few hundred microliters) and can be deployed in low-resource, field settings. As a result, commercial rapid-assay kits are available for detecting numerous viruses. For HIV diagnosis alone, there are at least six FDA-approved rapid antibody tests \[[@CR18], [@CR19]\] using whole blood, serum, plasma and/or oral fluid as the target sample, and more than 20 rapid HIV tests have been evaluated by the World Health Organization's pre-qualification program \[[@CR20]\]. On the down side, lateral flow immunoassays are slightly less sensitive \[[@CR14]\] and are only semi-quantitative. For example, a few lateral flow strip kits for acute dengue infection have been found to have sensitivity lower than 25% \[[@CR21]\]. Fig. 1Schematic diagram showing a lateral diffusion immunochromatographic strip and the working principle. In the presence of the target molecules, the detection agent will accumulate on both the capture and control lines, and change the color on the lines. Otherwise, only the control line will change color

From the MEMS device perspective, a few viral antibody detection bio-chips have been constructed to improve the detection limit and diagnostic sensitivity of EIAs, including amperometric \[[@CR22]\] and piezoelectric \[[@CR23]\] immunosensors. The detection agent in the amperometric immunosensor is an enzyme that catalyzes electron production. The sensor requires multiple rinsing and incubation steps to form a sandwich structure and to accomplish the electrochemical reaction. In contrast, piezoelectric sensors detect the surface formation of antibody--antigen complexes directly, without the need for a detection molecule, thus requiring only a single sample-introduction step, followed by washing. Binding of the target antibody to the piezo material changes its intrinsic vibration frequency, which is measurable in real time. In one attempt to improve the detection limit of a piezoelectric sensor, Yang et al. \[[@CR24]\] immobilized multilayers of viral particles on a quartz-crystal microbalance substrate. Using this approach, the authors were able to detect 7 nmol L^−1^ of antibody against the immobilized virions.

Although simple and sensitive, challenges in quantifying virions, detecting acute infection, distinguishing acute from remote viral infection, or monitoring disease progression limit the practical utility of serology for many applications in viral diagnosis. The use of intrinsic viral molecules---for example nucleic acid and proteins---reduces the pre-seroconversion window period and opens up the possibility of acute viral diagnosis and virus quantification.

Detection of viral molecular fingerprints {#Sec6}
=========================================

Viral antigen detection {#Sec7}
-----------------------

Viral antigen detection assays share many of the characteristics of the assays used for antibody serology, and many of them have adopted the formats described above, including the lateral flow, EIA, and IFA platforms. Other approaches used to detect viral antigens include electrochemiluminescence, Western blot, radioimmunoassay, and radioimmunobinding assay. Detailed descriptions and comparison of these assays can be found in a recent review by Peruski et al. \[[@CR14]\].

Certain challenges arise in detecting viral antigens. For protein antigens, an additional step is generally required to extract the target protein from inside intact virions or host cells. If the host has developed an antibody response against the viral antigen, a treatment to disrupt the in vivo antigen--antibody complexes may also be necessary to release the viral antigen \[[@CR25]\]. Similar to the serological tests, viral antigen detection on a solid support often suffers from unsatisfactory detection limits and low diagnostic sensitivity. For example, Weinberg et al. reported sensitivities between 40 and 80% for three commercially available influenza immunoassay kits based on EIA or rapid immunochromatographic lateral diffusion \[[@CR26], [@CR27]\].

Besides the conventional flat substrate platforms, for example 96-well microplates and lateral diffusion strips, viral antigen detection immunoassays have recently been carried out on microbeads. These beads promote antibody--antigen interaction in a solution phase, reducing the diffusion limitation often observed at a low analyte concentration. An example is illustrated by a magnetic microparticle-based sandwich assay for detection of HCV core protein antigen in blood \[[@CR25]\]. In this fully automated platform reported by Leary et al., the target antigen is sandwiched between a capture antibody immobilized on magnetic beads and a detection antibody labeled chemiluminescently. The sandwich structure is purified and enriched by rinsing under a magnetic field. Diagnostic sensitivity and specificity are both \>95%. The method also enables quantitation of the HCV core protein, which may indicate disease progression. Although the detection limit does not reach that of nucleic acid amplification, the simple, automated operation process may be an important advantage in some settings.

To improve the detection limit of an immunoassay, Lee et al. used atomic-force microscopy (AFM) to probe the immuno-sandwich structure comprising a surface-immobilized antibody, an HIV core protein antigen (p24), and a secondary antibody carrying gold nanoparticles \[[@CR28]\]. Because of signal amplification by the nanoparticles and sensitive AFM measurement, this immunoassay can detect down to 25 fg mL^−1^ of target proteins in plasma, an improvement of two orders of magnitude over conventional ELISA.

Nucleic acid detection {#Sec8}
----------------------

Amplification of the viral genome sequence is, to date, the most sensitive approach for detection of viruses and differentiation of viral subtypes. Nucleic acid amplification has been considered the gold standard for diagnosis of many viral infections, and has been the subject of several recent reviews \[[@CR29], [@CR30]\]. Evolution of PCR and related nucleic acid amplification technologies has seen the widespread use of real-time, quantitative tests, which link amplification with detection, and enable quantification of the target sequence copy number \[[@CR31]--[@CR33]\]. Conventional nucleic acid amplification generally requires experienced personnel and well-equipped laboratory facilities, and the operating costs are high compared with serology and simpler methods. This is reflected in the price at US clinical laboratories: lateral flow immunoassays can often be done for \$10 whereas PCR-based nucleic acid detection methods typically cost \$100 for clinical assays. Recent technological advances have enabled automation and miniaturization of some of the steps involved---viral genome preparation, nucleic acid amplification, and amplicon detection. A complete, integrated system promises to make viral genetic analysis more widely affordable and available.

### Viral genome preparation {#Sec9}

For automated extraction of the viral genome from whole blood, Yobas et al. developed a microfluidic device comprising two components \[[@CR1], [@CR34]\]. The first component is a shear-type filter for viral separation (Fig. [2](#Fig2){ref-type="fig"}) fabricated by deep reactive-ion etching and SiO~2~ deposition. In this filter chip, microposts with submicron spacing line a microfluidic channel that dynamically separates virus-rich plasma from blood cells. The second component of the device lyses virions and extracts and captures RNA on a silica surface for downstream PCR. RNA from ∼2500 viral particles in each milliliter of blood can be reliably retrieved for a positive PCR result in this device. In a separate study, Cho et al. engineered a platform for preparation of HBV RNA from blood samples using affinity magnetic beads. Virions captured on the beads are separated from blood cells and plasma proteins, and then lysed by laser irradiation to release viral nucleic acids \[[@CR35]\]. This CD device prepares a viral genome in 12 min with a single handling step, significantly reducing the sample-preparation time and handling process for PCR. In addition to immunoaffinity separation, anionic magnetic beads have also been constructed to enrich viruses based on non-specific interactions between virions and anionic polymers \[[@CR36]\]. To reduce device fabrication cost, Bhattacharyya et al. recently developed thermal plastic chips impregnated with silica particles for solid-phase viral RNA extraction. This effort holds promise towards mass-produced disposable molecular diagnostic systems for infectious diseases. \[[@CR37]\] Fig. 2(**a**) Schematic diagram of a shear-type filter for viral separation from whole blood. (**b**) SEM images of the filter \[[@CR1]\]

Magnetic beads are also widely used to enrich viral nucleic acid sequences. The magnetic beads are conjugated with a DNA strand to hybridize with a target sequence, and plasma components detrimental to the PCR reaction are efficiently separated from the beads by flushing the beads under a magnetic field. A few studies have demonstrated that magnetic particles can isolate down to tens of copies of target sequences from one milliliter of serum \[[@CR38]\], which could then be amplified and detected by conventional means.

Electrical approaches have recently been directly applied to viral sample handling. Park et. al. constructed a microfluidic chip with nano-electrode arrays to capture vaccinia viruses. The same electrodes were then used to generate a high electrical field for viral lysis to yield viral DNA. Thus a single device fulfills both viral enrichment and genome-preparation purposes \[[@CR39]\]. Microelectrodes have also been used to hydrolyze water and the associated hydroxide ion production disrupts lipid membranes and produces the target genome \[[@CR40]\].

### PCR microchips {#Sec10}

Numerous microchip methods have been developed for the thermal cycling process of PCR, with many variations on both stationary and flow-through designs. Microchamber arrays for high-throughput PCR reactions have been constructed by several laboratories, with a requirement for only nanoliter to picoliter volumes of reagents \[[@CR41], [@CR42]\]. Many chips also incorporate capillaries for electrophoresis and detectors for fluorescence or UV absorbance measurement. Advances in PCR microchips have been extensively reviewed elsewhere \[[@CR43]--[@CR47]\], some with direct references to viral detection purposes \[[@CR30], [@CR33], [@CR48]\]. The advantages of these PCR microchips include small sample volume, integrated amplification and detection, and shorter analysis time.

### Amplicon detection {#Sec11}

As an alternative to the conventional use of electrophoresis for amplicon detection, power-free sandwich assays are also frequently used in both flat substrate and microbead formats (Fig. [3](#Fig3){ref-type="fig"}). Similar to the protein sandwich assays, the target DNA is hybridized to both a surface-immobilized capture probe and a detection probe. With proper design of the DNA sequences, sandwich assays can detect viral subtypes \[[@CR49]\]. Attempts have also been made to create capture probe arrays for multiplexed detection of multiple targets \[[@CR50]\]. In addition to traditional fluorescent and enzymatic detection molecules, novel tags have been designed on the basis of recent advances in nanotechnology. For example, Liu et al. conjugated a detection DNA sequence with gold nanoparticles which can catalyze a silver stain enhancement reaction for dark silver particle deposition. As a result, the sandwich structure is visible to the naked eye on a solid substrate \[[@CR51]\]. Another labeling agent recently popularized for biomolecule detection is the quantum dot (QD). Because of their size-dependent emission wavelength, QDs are useful for simultaneous detection of multiple targets for high-throughput viral analysis \[[@CR52]\]. Fig. 3Schematic diagram showing the molecular structure observed in a DNA sandwich assay. The solid support comes in either a flat surface or microbead form

To improve the detection limit of sandwich assays, liposomes encapsulated with fluorescent or colorimetric molecules can be used to amplify the detection signal. A miniaturized set-up has been demonstrated in both microfluidic \[[@CR53]\] and lateral diffusion strip formats using these liposomes \[[@CR54]\]. The detection sensitivity is further improved by lysis of the surface-bound liposomes in a microfluidic device to de-quench the fluorophores in a concentrated state inside the liposomes.

The event of DNA hybridization can also be detected electrochemically using enzymes that catalyze redox reactions. Nebling et al. created a microelectrode array with patterned capture DNA sequences by use of this principle. Following a sandwich structure, electrical signal produced by alkaline phosphatase is detected in an addressable fashion on the array, enabling simultaneous analysis of multiple amplicons \[[@CR55]\]. Alternatively, in a gold nanoparticle-catalyzed silver-deposition system, silver produced on the sandwich structure has been electrochemically oxidized to quantify the amount of captured target DNA \[[@CR56]\].

Detection of amplicons, proteins, or whole-particle virions can also happen in a nanopore, into which the analyte entry results in an ion conduction change that can be detected electrically \[[@CR57], [@CR58]\]. Although early in its development, this resistive-pulse-sensing method can potentially be used for high-throughput DNA sequencing and mutation analysis, by labeling the nanopores with specific nucleic acids and studying the ion current patterns \[[@CR59]\].

To simplify the amplicon detection procedure, rapid lateral diffusion strip chromatographic assays are implemented for both pre-screening and confirmatory purposes \[[@CR60]\]. Analysis of PCR products on a nitrocellulose strip through lateral diffusion has been shown to detect down to 30 attomoles (=10^−18^ mol) of genomic DNA from papillomavirus with 100% sensitivity and specificity using a viral culture sample. Another idea for simple DNA detection uses gold's property of quenching fluorophores in its close vicinity. In this approach, a fluorescently labeled DNA single strand is immobilized on gold for both capture and detection purposes. Fluorescence is only observed after hybridization with the target sequence, which distances the fluorophore from the gold surface. With a single mixing step, Li et al. demonstrated that this hybridization dequenching approach can be used to detect PCR products of dengue virus in a microfluidic channel \[[@CR61]\]. However, the detection limit is ∼10 μmol L^−1^ because of a high background fluorescence signal.

Liu et al. at CombiMatrix recently developed an automated hybridization and sequencing chip for viral subtyping and genetic drift studies \[[@CR62]\]. This integrated device contains a series of microfluidic controllers and uses a DNA microarray as the hybridization or sequencing substrate. It is attractive for its ability to detect multiple viruses and for the fully automated process.

### Fully integrated lab-on-a-chip devices {#Sec12}

Recently, significant efforts have been made towards integrated genetic analysis microchips for sample-in, answer-out pathogen detection \[[@CR2], [@CR63], [@CR64]\] (Fig. [4](#Fig4){ref-type="fig"}). These devices take in biological samples and perform, in a programmed fashion, the complete process of viral separation, lysis, nucleic acid amplification, and electrophoretic amplicon detection. Using such a device, Lien et al. detected dengue virus down to 10^2^ pfu mL^−1^ within 4 h \[[@CR65]\]. Another microchip by Easley et al. detects pathogens in blood in less than 30 min, though with compromised sensitivity \[[@CR64]\]. Fig. 4Schematic diagram (**top**) and photograph (**bottom**) of a fully integrated lab-on-a-chip type device for viral genetic analysis developed by Pal et al. \[[@CR2]\]

Detection of multiple molecules {#Sec13}
-------------------------------

Detection of multiple types of viral molecule may be necessary in some cases to understand a patient's infection status or to confirm diagnosis. A few microdevice systems have been proposed or developed to achieve this goal. For example, Liang et al. \[[@CR66]\] designed an integrated microfluidic device for simultaneous detection of multiple clinical markers used in HBV diagnosis. In this microchip, antibodies or antigens correlating to the five indices of HBV (HBsAb, HBcAb, HBeAb, HBsAg, and HBeAg) were immobilized on gold electrodes patterned inside a micro-device. The antibody--antigen interactions change the surface electrical property of the electrodes, which was detected amperometrically.

For confirmatory diagnosis in a single assay, Abrams \[[@CR67], [@CR68]\] proposed a microfluidic device of modular design for simultaneous identification of HIV antigens, antibodies, RNA, and DNA from an oral sample. The device employs four interrelated modules for sample acquisition, analyte extraction, amplification, detection, and signal analysis, respectively. All modules use similar fluid-control components and a common reporter, and all target molecules are detected in a lateral flow strip format.

Detection of intact viruses {#Sec14}
===========================

The oldest methods for detecting the presence of viruses are based on identification of intact viruses. The plaque assay \[[@CR69]\] and the hemagglutination assay \[[@CR70]\] both served as the gold standard for viral detection for many decades before molecular analyses such as ELISA and PCR emerged. The viral concentration determined by these two tests, the plaque-forming unit (pfu) and the hemagglutination unit (HAU), are still widely used today. However, both the plaque assay and the hemagglutination assay are labor-intensive, difficult to calibrate, and are limited in their applicability to certain virus types. With the advent of molecular analyses, they now play a less important role in clinical viral diagnosis.

New methods are emerging that directly detect and enumerate intact viruses, on the basis of recent advances in optics, microfabrication, and nanotechnology. These methods have the potential to be more accurate in viral quantitation and less complex in sample preparation than molecular methods.

Optical detection methods {#Sec15}
-------------------------

### Dynamic light scattering {#Sec16}

An early attempt at detecting viruses optically was made by Tsoka et al. in 1998, using dynamic light scattering to size virus-like particles (VLP) derived from yeast \[[@CR71]\]. A commercial particle-size analyzer was used to study a population of VLPs with or without antibody attachment. It was found that the antibody-attached VLPs averaged 115 nm in diameter, significantly larger than the 77 nm average size without any antibody. The analysis process was completed in 10 min; the detection limit, 4.6 μg mL^−1^, was low, however, and it is unclear whether the method will work with complex biological samples.

### Fluorescence microscopy {#Sec17}

Advances in fluorescence microscopy have enabled the direct observation of stained viruses both for studying viral behavior and as a possible diagnostic tool. Akin et al. trapped viruses by use of dielectrophoretic (DEP) filters, and observed the trapping process in real time by fluorescence microscopy \[[@CR72]\]. Because of the requirement of de-ionized water as suspension medium and the non-specificity of DEP, the method is only applicable to highly purified viral samples. Zhang et al. fabricated an array of nanoscale fluidic chambers, each with a femtoliter volume, as an approach to compartmentalize dengue virus samples \[[@CR73]\]. By labeling the viral particle and a specific antibody with two distinct fluorophores, and fluorescently probing each chamber for double-stained particles, they were able to determine the concentration of dengue viruses down to the nanomolar range, with potential improvement to a femtomolar detection limit in the future.

### Flow cytometry {#Sec18}

Flow cytometry (FCM) is widely used for the enumeration and subtyping of cells and other bio-particles in an aqueous solution. Several groups have recently developed FCM-based methods for quantification of viruses. Shen et al. \[[@CR74]\] used a highly fluorescent nucleic acid dye, SYBR Green 1, to stain the DNA of baculovirus after fixation and membrane permeabilization. A commercial flow cytometer was then used to count the number of viral particles in the sample. Steen \[[@CR75]\] developed a custom-designed FCM with enhanced light scattering, which enabled direct detection of scatter from nanoparticles and viruses down to 70 nm in diameter. Ferris et al. \[[@CR76]\] built a custom FCM instrument---named the single nanometric particle enumerator (SnaPE)---with a 0.5 μm probe size and femtoliter probe volume. The detection limit of this instrument was found to be 10^6^ particles mL^−1^ using three different respiratory viruses. Stoffel et al. used a two-color, dual-staining method targeting both viral DNA and a capsid protein to enable measurement of unpurified viral samples, also using a custom designed FCM. As the data acquisition rate for FCM is in the kilohertz range, target particles are counted in a high-throughput fashion. However, sample preparation and staining are often required prior to FCM analysis, making the total assay a ∼2-h process.

### Micro/nanoparticles as imaging agents {#Sec19}

Instead of staining the viruses directly by use of fluorescent dyes, micro/nanoparticles carrying detection tags and capable of recognizing the target virions are also used as labeling and imaging agents. These methods have the advantage of higher specificity towards the target virions, and improved imaging contrast compared with direct viral staining.

Agrawal et al. used two types of nanobead with different fluorescence colors to recognize viral particles at two binding sites \[[@CR77], [@CR78]\]. The particle and virus mixture was passed through a flow cytometer-based arrangement in which fluid at an aperture was excited at the two relevant wavelengths. The system could count co-localizations of the two colored particles as a viral passage event, thus enabling differentiation between virion-bound and unbound particles.

Bentzen \[[@CR79]\] and Ang \[[@CR80]\] both used highly fluorescent QDs as the imaging agents for detection of intact virions. Bentzen et al. used different colored QDs to co-localize nuclear and envelope proteins of the respiratory syncytial virus. Using a confocal fluorescent microscope to observe the stained virions, they were able to track in real time the progression of cell infection by viruses. Ang developed a microfluidic ELISA device that first trapped viral-recognizing microbeads in a filter structure, then captured virions on the beads, and, finally, detected the virions using fluorescent QDs conjugated with anti-viral antibodies. This device approach is faster, more sensitive, and better automated than the standard ELISA assay, but device fabrication requires high-resolution MEMS facilities.

Lee \[[@CR81]\] developed a technique of force differentiation using magnetic beads in a uniform magnetic field to enumerate virions optically. An immuno-sandwich was first formed between a surface, the virions, and 1-μm magnetic beads. The magnetic field was then switched on perpendicular to the surface so that non-specific bonds attaching any beads to the surface would be broken, while the antibody-specific bonds holding together the immuno-sandwich structure remained attached. The surface was then imaged under a microscope, and the number of magnetic beads that remained attached was counted as the total number of viruses present in the original sample. Total assay time for this method was around one hour, and the detection limit was 10^5^ particles mL^−1^.

### Interferometry {#Sec20}

The principle of Young's interferometry was utilized by Ymeti et al. to produce a multiplexed, label-free viral particle detector with sensitivity in PBS down to 850 particles mL^−1^ \[[@CR4]\] (Fig. [5](#Fig5){ref-type="fig"}). The device consists of a four-channel optical waveguide in which one channel is used as the reference while the others are functionalized to sense three different analytes. Monochromatic light from a laser is introduced at one end of the waveguide, and a CCD screen images the interference pattern formed at the opposite end. Binding of virus to a channel induces a phase change of the incident light, and the amount of phase shift is indicative of the viral concentration. Viral detection in serum was demonstrated with a suspension containing 10^5^ particles mL^−1^. The device could potentially be automated for use as a fast and portable point-of-care viral counter. Fig. 5Schematic diagram showing a Young's interferometer used for viral detection. *Channels 1, 2, and 3* indicate the measurement channels; *4* is the reference channel \[[@CR4]\]

### Surface plasmon resonance (SPR) {#Sec21}

SPR is a label-free, optical technique for detection of refractive index change on a metal surface. In work by Lei et al. \[[@CR82]\] antibody-immobilized gold nano-particles were adsorbed on a glass substrate as an SPR sensing surface, and binding of a shrimp virus was detected with a detection limit of 2.5 nanogram of virions per milliliter, which is an improvement of more than one order of magnitude compared with conventional ELISA. As a single sample-introduction step is involved in the whole detection process, the technique is a good candidate for point-of-care applications.

Electromechanical methods {#Sec22}
-------------------------

### Quartz-crystal microbalance (QCM)-based detection {#Sec23}

The QCM is an established, commercially available mass sensor commonly used for quantitative measurement of the thickness of thin films. For the purpose of bio-detection, the surface of a quartz-crystal microchip is usually coated with antibodies against the target bio-molecules. The resonant frequency of the chip is measured before and after sample introduction, and binding of the target agents will result in an increase in mass that lowers the chip resonant frequency. Eun et al. used QCM in this mode of operation to detect orchid viruses from plant sap \[[@CR83]\] and found a detection limit of approximately 1 ng virus per 5 μL sample, which is equivalent to around 10^7^--10^8^ viral particles per milliliter.

Hayden et al. used a QCM for detection of tobacco mosaic virus \[[@CR84], [@CR85]\]. Instead of using antibodies as the capture molecule, they used artificial receptors based on a molecularly imprinted polymer (MIPS) technique. Such polymer receptors have greater stability and thus much longer shelf-life than traditional antibody-functionalized QCM chips. However, the detection limit of this approach was not reported.

Cooper et al. found a novel mode of operation for QCM in a technique called rupture event scanning \[[@CR86], [@CR87]\]. They bound virus to the QCM chip using antibodies as usual, but instead of taking a mass measurement directly, they continued to increase the voltage until the vibrational energy ruptured the bonds holding the virus to the chip. They found that this technique enabled much more sensitive detection, and could resolve down to a single virion on a QCM chip. With a sample volume of 1 μL, this corresponded to a detection limit of 1000 particles mL^−1^. They also showed that direct detection in serum was feasible.

### Microcantilevers {#Sec24}

Microcantilevers have been widely investigated for a number of biosensing applications. There are two common modes of operation, resonant mode and strain mode, both of which have been applied to viral detection. Gupta \[[@CR88]\] and Ilic \[[@CR89]\] both used the resonant mode to detect viral binding by sensing a change in the cantilever mass. Gupta used vaccinia samples at 10^9^ particles mL^−1^, and Ilic was able to detect baculovirus at 10^5^ particles mL^−1^. However, because of the dramatically reduced performance of resonating cantilevers in liquid, both methods require drying prior to mass measurement in air or vacuum.

Gunter et al. used piezoresistive cantilevers in the strain mode for viral sensing. Particle binding on these cantilevers induces a strain and changes their electrical resistance \[[@CR90]\]. Such cantilevers have much simpler measurement circuitry and readout than the resonant cantilevers, but the detection limit is not as low. Gunter detected viral samples both in liquid and in aerosol form, at a concentration of approximately 10 μg mL^−1^.

Electrical conductance methods {#Sec25}
------------------------------

### Nanowire detection {#Sec26}

With advances in nanofabrication, a new class of nanowire field-effect transistors has been explored for biodetection \[[@CR91]\]. Nanowires can be functionalized against the virus of interest, and binding of a charged viral particle produces a depletion or gain of charge in the nanowires, which can be measured as a simple conductance change. Using such a device, Patolsky et al. was able to detect binding and breaking-off events occurring between a single influenza A virion and a nanowire sensor \[[@CR92]\].

### Conductometric sensor {#Sec27}

Another technique based on electrical conductivity measurement was developed by Muhammad-Tahir et al. to detect bovine viral diarrhea virus (BVDV) \[[@CR5]\] (Fig. [6](#Fig6){ref-type="fig"}). This method uses a lateral flow approach to form conjugates between the target virus and a polyaniline-labeled antibody on a disposable membrane. This conjugate is then detected using the conducting property of polyaniline. The complete set up, including materials and readout electronics, is extremely simple and the detection limit was found to be 1000 cell culture infectious doses (CCID) mL^−1^. However, the sensing accuracy is relatively poor, making it only suitable as a screening diagnostic. Fig. 6Schematic diagram of the conductometric immunosensor created by Muhammad-Tahir et al. (**a**) Cross section view and (**b**) top view of the sensor. The sections are: (*A*) sample-application membrane, (*B*) conjugate membrane for polyaniline-labeled antibody, (*C*) capture membrane coated with (*F*) silver electrodes on both sides, (*D*) absorption membrane, and (*E*) copper wafer platform \[[@CR5]\]

### Resistive pulse technique {#Sec28}

Detection of particles by monitoring the electrical resistance change as they pass through a narrow orifice is best known in the form of the Coulter counter. The technique makes use of the principle that biological particles are non-conducting at low frequencies, because of their membrane capacitance. When non-conducting particles displace a volume of conducting electrolyte (usually a salt buffer) inside the orifice, they momentarily increase the resistance measured across the orifice. The size of the resistance change is directly related to the volume of the particle. Coulter first described this method in the 1950s and commercially available instruments are widely used for enumeration and sizing of cells and other micrometer-sized particles. In the 1970s, Deblois and Wesley \[[@CR93]\] described the use of a 400 nm diameter pore to accurately size a number of different viruses. The accuracy of the count and the sensitivity of detection was compromised by particle contaminants in the sample, and their lowest reliable sensitivity was 10^7^ mL^−1^. Their instrument, the "Nanopar", was capable of counting 10^9^--10^11^ particles mL^−1^ in several minutes. More recently, Uram et al. was able to use a similar technique to detect the subtle size difference between plain and antibody-bound viruses \[[@CR94]\]. The simplicity, speed, and low cost of this technique is highly attractive provided effective purification steps can be undertaken to isolate pure viral populations from the original sample.

Other methods {#Sec29}
-------------

### Atomic-force microscopy (AFM) {#Sec30}

AFM is a useful study tool for imaging of viruses \[[@CR95]\]. Recently, Nettikadan et al. developed a multiplexed sensing chip that uses AFM as the final detection step in a rapid viral diagnostic application. Miniature antibody capture domains were patterned using "ink-jet" protein array technology, and specific capture of three different viruses was shown to take place simultaneously without cross interference. The sample chip was cleaned and dried before AFM sensing, with the entire process taking around 30 min. The detection limit of this AFM approach was found to be 10^8^ pfu mL^−1^. Although the multiplexing capability of this technique is attractive, the cumber and expense of AFM limits the range of applications possible.

### Magnetic relaxation detection {#Sec31}

Magnetic nanoparticles can induce changes in the T2 relaxation time of surrounding water molecules and are often used as contrast agents for magnetic resonance imaging (MRI). An even more interesting property of these particles is that when they assemble into closely packed aggregates, the change they induce in the T2 time is significantly greater than the sum effect of the individual free particles. Perez et al. took advantage of this phenomenon for highly sensitive detection of viral particles by employing individual viruses as nucleation points for the assembly of iron oxide nanoparticles \[[@CR3]\] (Fig. [7](#Fig7){ref-type="fig"}). The particles were functionalized against the virus of interest, and simple mixing with the target virions would lead to formation of magnetic aggregates. A tabletop relaxometer was then used to take T2 measurements, and it was found that the relaxation time increased with the viral concentration, making viral quantitation possible. The detection limit of this method is around 10^3^ particles mL^−1^ and it can be further improved by increasing the magnetic field. As the measurement can be taken with both buffer and serum samples, this approach is plausible for robust and versatile clinical analyses. Fig. 7Diagram of viral-induced nanoassembly of magnetic nanoparticles. The viral-induced nanoassembly is detectable by magnetic resonance imaging \[[@CR3]\]

Conclusion {#Sec32}
==========

In summary, technical breakthroughs have been reported in viral detection on both molecular and whole-particle levels. Many of these breakthroughs have taken advantage of recent advances in the rapidly growing micro and nanotechnology to bring improvements to the speed, sensitivity, operability, and portability of viral diagnostics. Further efforts in device integration, process automation, cost reduction, and improved accuracy will re-shape future viral diagnosis for access at point-of-care and even home settings.
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SGIV
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